Abstract-Angiotensin II (Ang II) plays a pivotal role in cardiovascular remodeling leading to hypertension, myocardial infarction, and stroke. Pitavastatin, an HMG-CoA reductase inihibitor, is known to have pleiotropic actions against the development of cardiovascular remodeling. The objectives of this study were to clarify the beneficial effects as well as the mechanism of action of pitavastatin against Ang II-induced organ damage. C57BL6/J mice at 10 weeks of age were infused with Ang II for 2 weeks and were simultaneously administered pitavastatin or a vehicle. Pitavastatin treatment improved Ang II-induced left ventricular hypertrophy and diastolic dysfunction and attenuated enhancement of cardiac fibrosis, cardiomyocyte hypertrophy, coronary perivascular fibrosis, and medial thickening. Ang II-induced oxidative stress, cardiac TGF␤-1 expression, and Smad 2/3 phosphorylation were all attenuated by pitavastatin treatment. Pitavastatin also reduced Ang II-induced cardiac remodeling and diastolic dysfunction in eNOS Ϫ/Ϫ mice as in wild-type mice. In eNOS Ϫ/Ϫ mice, the Ang II-induced cardiac oxidative stress and TGF-␤-Smad 2/3 signaling pathway were enhanced, and pitavastatin treatment attenuated the enhanced oxidative stress and the signaling pathway. Moreover, pitavastatin treatment reduced the high mortality rate and improved renal insufficiency in Ang II-treated eNOS Ϫ/Ϫ mice, with suppression of glomerular oxidative stress and TGF-␤-Smad 2/3 signaling pathway. In conclusion, pitavastatin exerts eNOS-independent protective actions against Ang II-induced cardiovascular remodeling and renal insufficiency through inhibition of the TGF-␤-Smad 2/3 signaling pathway by suppression of oxidative stress. Key Words: angiotensin II Ⅲ pitavastatin Ⅲ eNOS Ⅲ cardiorenal insufficiency A ccumulating evidence indicates that vascular wall inflammation plays a key role in the pathogenesis of vascular diseases and atherosclerotic processes, and angiotensin II (Ang II), a key effector of the renin-angiotensin system (RAS), plays a central role in the regulation of vascular tone, blood pressure (BP), and electrolyte homeostasis. 1 Ang II induces inflammation through BP-dependent and -independent mechanisms, and Ang II accelerates cardiovascular remodeling through enhanced oxidative stress, 1 vascular permeability, 2 leukocyte infiltration, 3-5 and tissue remodeling. 6 Because numerous clinical studies have shown that an angiotensin-converting enzyme (ACE) inhibitor and an angiotensin II receptor blocker (ARB) prevent cardiovascular events and remodeling, 7-10 blockade of the RAS system is one of the major strategies for treatment of cardiovascular diseases.
A ccumulating evidence indicates that vascular wall inflammation plays a key role in the pathogenesis of vascular diseases and atherosclerotic processes, and angiotensin II (Ang II), a key effector of the renin-angiotensin system (RAS), plays a central role in the regulation of vascular tone, blood pressure (BP), and electrolyte homeostasis. 1 Ang II induces inflammation through BP-dependent and -independent mechanisms, and Ang II accelerates cardiovascular remodeling through enhanced oxidative stress, 1 vascular permeability, 2 leukocyte infiltration, [3] [4] [5] and tissue remodeling. 6 Because numerous clinical studies have shown that an angiotensin-converting enzyme (ACE) inhibitor and an angiotensin II receptor blocker (ARB) prevent cardiovascular events and remodeling, [7] [8] [9] [10] blockade of the RAS system is one of the major strategies for treatment of cardiovascular diseases.
In addition to ACE inhibitors and ARBs, it has been shown that statins (3-hydroxy-3-methylglutaryl coenzyme A [HMGCoA] reductase inhibitors) are effective in preventing cardiovascular events [11] [12] [13] [14] and ameliorating endothelial dysfunction. 15 These effects of statins cannot be explained merely by their lipid-lowering effects. 16 -18 In fact, statins have been reported to have pleiotropic actions, including activation and upregulation of the eNOS system, 15 reduction of oxidative stress and inflammatory cytokines, 19 -21 and regulation of thrombogenesis-related gene expression. 22, 23 However, the mechanisms by which statins exert these actions remain elusive. Because the transforming growth factor (TGF)-␤-Smad signaling pathway participates in the pathogenesis of multiple cardiovascular and renal diseases, 24, 25 we speculated that there is an interplay between Ang II-induced organ damage and pleiotropic effects of statins and that these factors are linked with regulation of the TGF-␤-Smad signaling pathway.
To elucidate the cardiovascular protective effects as well as the mechanism of action of statins against the activated RAS, we performed studies using Ang II-infused mice with or without pitavastatin administration. The present study provides novel in vivo evidence that pitavastatin exerts eNOSindependent protective effects against Ang II-induced cardiovascular remodeling and renal insufficiency with suppression of oxidative stress and inhibition of the TGF-␤1-Smad 2/3 signaling pathway.
Materials and Methods

Animals and Experimental Protocol
We used 10-week-old C57BL6/J male mice and they were shamoperated or subcutaneously infused with Ang II (WAKO Tokyo, Japan) at a rate of 2.0 mg/kg/d for 2 weeks by an osmotic mini-pump (Alzet model 1002, Alza Corp, Mountain View, Calif). 26 They were divided into 2 groups, ad libitum administration of pitavastatin (NK 104 Kowa Pharmaceutaical Co. Ltd) or a vehicle. In the same way, we examined eNOS Ϫ/Ϫ male mice (The Jackson Laboratory, Bar Harbor, Me) with or without Ang II stimulation, and they were simultaneously administered oral pitavastatin at 0.3 mg/kg/d or a vehicle. Pitavastatin, a lipophilic HMG CoA reductase inhibitor, is categorized as a strong statin. Pitavastatin was chosen for this study because it is hardly metabolized by the cytochrome P450 system. Such characteristics give pitavastatin considerable advantages over other statins that are metabolized by cytochrome P450. These advantages include extremely weak expected interactions with many other commonly used drugs as well as its high serum concentrations after absorption from the small intestine, enabling its direct actions on cardiovascular and renal systems. 27 Pitavastatin was dissolved in drinking water at a concentration of 2.5 mg/L. Average daily amounts of drinking water for wild-type C57BL6/J mice and eNOS Ϫ/Ϫ mice were about 3.0 mL and 2.5 mL, respectively, and average body weights were about 26 to 27 g and 22 to 24 g, respectively (Table) . Therefore, estimated intake of pitavastatin was approximately 0.3 mg/kg/d. We also evaluated plasma concentrations of pitavastatin by HPLC and confirmed that plasma pitavastatin concentration in mice with pitavastatin treatment was comparable to and below that observed in clinical use (supplemental data I, available online at http://circres.ahajournals.org). The survival experiment in eNOS Ϫ/Ϫ mice was performed with 25 mice in each group. Twenty-five mice with pitavastatin treatment and the same number of mice without pitavastatin treatment were infused with Ang II by 14-day release osmotic mini-pumps. The survival rates of those mice were estimated for 14 days during Ang II infusion, and mice that survived were euthanized for analyses. All experimental procedures were performed in accordance with the guidelines of the Animal Research Committee, The University of Tokushima Graduate School.
We performed the following experimental procedures: measurements of blood pressure and heart rate, measurements of plasma lipid and glucose levels, echocardiographic analysis, histological analysis and immunohistochemistry, analysis of urinary excretion of 8-hydroxy-2Ј-deoxyguanosine(8-OHdG), Western blot analysis, superoxide detection in myocardial and renal tissues, evaluation of urinary albumin excretion and glomerular filtration rate, and statistical analysis as detailed in the online data supplement (supplemental data II).
Results
Blood Pressure and Heart Rate
Systolic, diastolic, and mean BP levels were elevated by Ang II infusion. Pitavastatin treatment did not affect BP levels regardless of Ang II infusion. There was no significant difference in heart rate among the groups (Table) .
Plasma Lipid Profiles and Glucose Levels
Ang II infusion caused a significant elevation of plasma total cholesterol levels both in pitavastatin-treated and untreated mice (Table) . Plasma total cholesterol levels tended to be lower in vehicle-treated mice with pitavastatin. However, pitavastatin did not have statistically significant influence on any parameters of plasma lipid and glucose levels among the groups of mice (Table) .
Pitavastatin Prevents Ang II-Induced Cardiac Hypertrophy and Diastolic Dysfunction
Ultrasonographic studies to examine cardiac dimension revealed that Ang II stimulation caused significant increases in relative wall thickness (RWT) and left ventricular mass index (LVMI) in vehicle-treated mice. However, Ang II treatment did not significantly increase RWT or LVMI in pitavastatintreated mice (Figure 1 ). We also evaluated cardiac performance of these mice using ultrasonography (Figure 1 ). Although LV fractional shortening (LVFS), a marker of systolic function, was not significantly influenced by either Ang II or pitavastatin treatment, Ang II stimulation significantly attenuated LV diastolic function as indicated by a lower E-to-A wave velocity ratio, prolonged deceleration time, and decreased deceleration rate in transmitral Doppler flow in mice. In contrast, pitavastatin treatment ameliorated the impairment in all of these parameters of LV diastolic function caused by Ang II.
Pitavastatin Attenuates Ang II-Induced Cardiomyocyte Hypertrophy and Remodeling of the Coronary Artery
Cross-sectional histopathological examinations of the heart revealed that Ang II evoked cardiac hypertrophy with increased cardiac fibrosis. Ang II also increased perivascular fibrosis around the coronary artery. Pitavastatin treatment attenuated those Ang II-induced cardiovascular fibrotic changes ( Figure 2a ). Quantitative analyses of microscopic findings of left cardiac ventricular tissues revealed that Ang II caused hypertrophic changes of cardiomyocytes with marked interstitial fibrosis, along with accelerated perivascular fibrosis and medial thickening of the coronary artery. Pitavastatin treatment prevented the development of all these adverse phenotypes of Ang II-induced cardiovascular remodeling, and no significant Ang II-induced increase in the size of cardiomyocytes, myocardial fibrosis, or intima-medial thickening was observed in pitavastatin-treated mice ( Figure 2b ).
Pitavastatin Reduces Ang II-Induced Oxidative Stress
Because statins have been shown to improve endothelial dysfunction partly through their antioxidant potency, we estimated urinary excretion of 8-OHdG as an oxidative stress marker. Ang II treatment caused a notable increase of urinary 8-OHdG excretion in vehicle-treated mice, whereas pitavastatin treatment significantly attenuated the Ang II-induced elevation of urinary 8-OHdG excretion ( Figure 3d ). In parallel with these observations, DHE-positive spots indicating superoxide produc- tion were markedly increased in the myocardium and coronary artery by Ang II stimulation in vehicle-treated mice (Figure 3a) . In contrast, pitavastatin treatment blunted the increase in DHEpositive spots in Ang II-infused mice (Figure 3a ).
Pitavastatin Attenuates Ang II-Induced Cardiac Expression of TGF-␤1 and Smad 2/3 Activation
TGF-␤1 plays an important role in cardiac hypertrophy and fibrosis, and Ang II is known to enhance TGF-␤1 expression. On binding of TGF-␤1 to its receptor, phosphorylation and nuclear translocation of Smad 2/3 constitute a critical step in the TGF-␤1 signaling pathway. In an effort to clarify the mechanism of action of pitavastatin in the prevention of Ang II-induced cardiac remodeling, we examined the effects of pitavastatin on cardiac TGF-␤1 expression and Smad 2/3 activation in Ang II-infused mice (Figure 3a, 3b, 3c ). Ang II stimulation caused a marked enhancement in cardiac TGF-␤1 expression and phosphorylation of Smad 2/3 in vehicletreated mice. In contrast, pitavastatin treatment significantly attenuated these changes caused by Ang II, and no significant Ang II-induced changes in these parameters were observed in pitavastatin-treated mice (Figure 3a, 3b, 3c ).
Pitavastatin Ameliorates Left Ventricular Hypertrophy and Diastolic Dysfunction in Ang II-Treated eNOS ؊/؊ Mice
Recent studies have indicated that cardiovascular effects of statins involve eNOS activation. 28, 29 To clarify whether cardioprotective effects of pitavastatin depend on eNOS activation, we studied the effect of pitavastatin on cardiovascular remodeling using Ang II-treated eNOS Ϫ/Ϫ mice. As shown in the Table, Ang II-treated eNOS Ϫ/Ϫ mice showed significant weight loss, whereas pitavastatin restored the change. Cardiac ultrasonography showed that both RWT and LVMI were markedly increased by Ang II stimulation in eNOS Ϫ/Ϫ mice ( Figure 4 ). Pitavastatin treatment almost completely abrogated those changes, similar to the results in wild-type C57BL6/J mice. Although there were no significant changes in LVFS among all groups, diastolic function evaluated by trans-mitral Doppler flow was disturbed by Ang II treatment in eNOS Ϫ/Ϫ mice as observed in wild-type mice (Figure 4) . Pitavastatin again ameliorated the impaired LV diastolic function by correcting the E-to-A wave ratio, deceleration time, and deceleration rate in Ang II-treated eNOS creased survival rate of eNOS Ϫ/Ϫ mice with decreased daily urinary output and GFR along with increased urinary albumin excretion (Figure 7a and 7b) . Immunohistochemical examinations revealed that PAS-and fibrin(ogen)-positive glomerular depositions were increased by Ang II treatment and that glomerular TGF-␤1 and DHE staining was also increased in Ang II-treated eNOS Ϫ/Ϫ mice (Figure 7c ). In contrast, pitavastatin treatment improved the survival rate as well as renal function and glomerular remodeling of Ang II-treated eNOS Ϫ/Ϫ mice (Figure 7a to 7c) . The enhancement of renal TGF-␤1 expression and Smad 2/3 phosphrylation by Ang II stimulation of eNOS Ϫ/Ϫ mice was also attenuated by pitavastatin treatment (Figure 7d) .
Discussion
The present study demonstrated that pitavastatin has protective actions against Ang II-induced cardiovascular remodeling through inhibition of the TGF-␤-Smad 2/3 signaling pathway by suppression of oxidative stress. Furthermore, although statins are reported to activate the eNOS system and the cardiovascular effects of statins may involve activation of eNOS, pitavastatin also showed protective actions against cardiovascular and renal impairment in eNOS Ϫ/Ϫ mice. In wild-type mice, our results are consistent with the results of a recent study showing that rosuvastatin administration ameliorated cardiovascular remodeling with suppression of accentuated myocardial expression of gp91 phox , p40 phox , p22 phox , and Rac-1 in transgenic rats overexpressing the mouse renin gene. 30 Previous studies have also shown that statins can prevent Ang II-induced cardiovascular remodeling through inhibition of the actions of small G proteins, including Rac-1, Rho A, and p21ras, 31, 32 and reduction of NAD(P)H subunit p22 phox . 33 In addition, pitavastatin has been reported to suppress myocardial endothelin-1 expression and reduce cardiac fibrosis in Dahl salt-sensitive rats. 34 Thus, the reduction in oxidative stress caused by pitavastatin may be explained at least in part by suppression of Ang II-induced enhancement in myocardial expression of NAD(P)H subunits, leading to suppression of superoxide generation.
LV diastolic dysfunction has been recognized as an earlyphase manifestation of heart failure. Impaired LV diastolic function is associated with an acceleration of cardiac interstitial fibrosis leading to increased LV wall stiffness, and progression of LV diastolic dysfunction leads to the development of LV systolic failure. 35 Because pitavastatin reduced fibrotic changes surrounding cardiomyocytes and coronary arteries in Ang II-treated mice, the improvement of LV diastolic dysfunction by pitavastatin can be explained by an inhibition of fibrotic changes by pitavastatin. In the present study, pitavastain treatment suppressed Ang II-induced enhancement of cardiac TGF-␤1 expression and Smad 2/3 signaling. TGF-␤1 is one of the most important fibrotic factors, and Smad proteins are an essential component of the intracellular signaling pathway to induce fibrosis by TGF- ␤1. 36 Overexpression of TGF-␤1 in transgenic mice results in cardiac hypertrophy characterized by both interstitial fibrosis and hypertrophic growth of cardiac myocytes. In contrast, heterozygous TGF-␤1-deficient mice exhibited decreased fibrosis of the heart with aging, 37 and complete TGF-␤1 knockout completely abolished Ang II-induced increase in left ventricular mass and myocyte size, deterioration in systolic function, and induction of atrial natriuretic factor. 38 In addition, it has been reported that Ang II-induced hypertensive vascular fibrosis is associated with activation of the TGF-␤1-Smad 2/3 signaling pathway 39 and that the ACE inhibitor captopril prevents cardiac fibrosis by blocking collagen production in Ang II-hypertensive rats, with an inhibition of TGF-␤-Smad 2 signaling. 40 Taken together, those results indicate that the RAS enhances cardiovascular remodeling and fibrotic changes by increasing TGF-␤ expression and thereby enhancing TGF-␤-Smad 2/3 signaling. Thus, the present observations as well as those previous results are consistent with the notion that Ang II increases TGF-␤ expression and Smad 2/3 signaling via enhanced superoxide generation and that pitavastatin can counteract Ang II-induced cardiovascular remodeling and fibrotic changes via the inhibition of TGF-␤-Smad 2/3 signaling attributable to suppression of superoxide generation enhanced by Ang II.
Accumulating evidence indicates that reduced NO bioavailability plays an important role in the development of heart failure. 41 Endothelial dysfunction and decreased NO bioavailability are associated with the development of cardiovascular diseases, 42 and statins enhance NO bioavailability by promoting NO production and preventing superoxideinduced NO inactivation. 43, 44 In a study using eNOS Ϫ/Ϫ mice, Landmesser et al demonstrated that increased NO bioavailability is required for statin-induced improvement of endothelial progenitor cell mobilization, myocardial neovascularization, LV dysfunction, interstitial fibrosis, and survival after myocardial infarction. 41 It has also been reported that the effect of a low dose of simvastatin on survival after myocardial infarction was abrogated in eNOS Ϫ/Ϫ mice and that rosuvastatin did not affect myocardial infarct size in eNOS Ϫ/Ϫ mice in contrast to wild-type mice. 45, 46 Thus, eNOS activation is required for amelioration of survival rate and attenuation of infarct size induced by at least some statins including simvastatin and rosuvastatin.
To determine whether the cardiovascular protective action of pitavastatin against Ang II excess requires increased NO bioavailability by eNOS activation, we examined the effects of pitavastatin on cardiovascular phenotypes of Ang IItreated eNOS Ϫ/Ϫ mice. Unexpectedly, pitavastatin treatment ameliorated Ang II-induced cardiac hypertrophy, perivascular fibrosis with medial thickening of coronary artery, and LV diastolic dysfunction even in eNOS Ϫ/Ϫ mice. Pitavastatin treatment also attenuated Ang II-induced increase in superoxide production, TGF-␤1 expression, and Smad 2/3 phoso- phorylation at the myocardium and the coronary artery in eNOS Ϫ/Ϫ mice as well as in wild-type mice. These results indicate that the protective effects of pitavastatin against Ang II-induced cardiovascular remodeling do not require increased NO bioavailability by eNOS activation. However, these observations do not rule out the possibility that bioavailability of NO from other sources may be increased by pitavastatin.
The present study demonstrated for the first time that Ang II stimulation causes high mortality with decreased GFR and increased albuminuria in eNOS Ϫ/Ϫ mice. Immunohistochemistry and DHE staining demonstrated accelerated plasma protein deposition and fibrosis with increased superoxide production at the glomerulus in Ang II-treated eNOS Ϫ/Ϫ mice. It has also been demonstrated that eNOS Ϫ/Ϫ mice manifest progressive focal renal abnormalities, including glomerular hypoplasia and tubular cell death, 47 suggesting that eNOS may play an important role in the protection of renal function. In the present study, we only analyzed the surviving mice at the end of observation period on day 14, and actual Ang II-induced cardio-renal damage in eNOS Ϫ/Ϫ mice might be more severe than the results we obtained. Nevertheless, it is noteworthy that pitavastatin treatment ameliorated the decrease in GFR, the increase in albuminuria and the pathological glomerular changes, and reduced the high mortality rate of Ang II-treated eNOS Ϫ/Ϫ mice. Amelioration of Ang II-induced pathological glomerular changes by pitavastatin was associated with reduced renal oxidative stress along with suppressed TGF-␤1 expression and Smad 2/3 phosphorylation in eNOS Ϫ/Ϫ mice. Because TGF-␤ plays a major role in the accumulation of extracellular matrix during renal fibrosis, the present results are consistent with the notion that suppression of the TGF-␤-Smad 2/3 signaling pathway via inhibition of superoxide production by pitavastatin treatment leads to renal protection against RAS activation.
Because other statins such as simvastatin, 19 rosvastatin, 30 and atorvastatin 48 also reduced Ang II-induced oxidative stress, there is a possibility that the observed cardiovascular and renal protective effects of pitavastatin are class effects of statins. However, the advantageous characteristics of pitavastatin, ie, the fact that it is hardly metabolized by hepatic cytochrome p450 after intestinal absorption and the fact that it shows high cardiovascular and renal tissue distribution, may make it as one of the most potent statins to develop pleiotropic effects including cardiovascular and renal protection. To clarify this issue, further in vivo examinations to compare the effects of various orally administered statins are needed.
In conclusion, the present study demonstrated that pitavastatin exerts eNOS-independent protective actions against Ang II-induced cardiovascular remodeling and renal insufficiency through inhibition of the TGF-␤-Smad 2/3 signaling pathway by suppression of oxidative stress. 
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